• In combination with cyclophosphamide, intravenous busulfan is associated with better leukemia-free and overall survival in AML than TBI.
Introduction
The development of the 2 most commonly used myeloablative preparative regimens for allogeneic hematopoietic cell transplantation (HCT) occurred largely in parallel. Thomas and colleagues reported cure of some patients with advanced acute leukemia using cyclophosphamide, total body irradiation (Cy/TBI), and marrow from human leukocyte antigen (HLA)-identical siblings. 1 They subsequently demonstrated sustained leukemia-free survival (LFS) in more than half of patients with acute myeloid leukemia (AML) in first complete remission (CR), 2 the superiority of 120 mg/kg Cy with TBI delivered in 6 fractions of 2 Gy compared with a single dose of 10 Gy, 3 and equivalent survival with lower nonrelapse mortality (NRM) using 12 Gy compared with 15.75 Gy in 7 divided fractions. 4 Santos and colleagues developed a preparative regimen of 16 mg/kg of orally administered busulfan (Bu) and 200 mg/kg Cy and reported an extraordinarily low rate of relapse, but a high incidence of NRM, in patients in various stages of AML. 5 Tutschka reported less toxicity and NRM with a reduction in Cy dose to that used by Thomas, 120 mg/kg administered over 2 days (BuCy2). 6 A multi-institutional international study of AML in first CR reported an estimated 3-year LFS of 63% following BuCy2 and transplantation from HLA-identical sibling donors, 7 however, a randomized study shortly thereafter reported superior outcomes with Cy/TBI compared with BuCy2. 8 Prospective and retrospective studies and metaanalyses performed during the subsequent decade raised questions regarding the superiority of Cy/TBI over BuCy, [9] [10] [11] [12] [13] [14] [15] [16] [17] but generally suggested lower relapse rates in patients with AML following TBI. 17 These comparative studies all used fixed doses of oral Bu, which are associated with substantial individual variation in plasma levels. Low steady state Bu levels are associated with relapse and rejection 18, 19 and high levels with hepatic venoocclusive disease (VOD) and other toxicities. 18, 20, 21 Therapeutic monitoring of plasma Bu concentrations and individualized adjustment of the oral dose result in plasma levels within a desired range in most patients, lowered incidence of NRM, and improved survival. [21] [22] [23] The development and administration of intravenous (IV) Bu has similarly decreased variability in plasma levels compared with a fixed oral dose and has been reported to reduce VOD, other toxicities and 100-day mortality. [24] [25] [26] Therapeutic monitoring and dose adjustment of IV Bu further reduces the variability of its levels in plasma. 27 Thus, while molecular HLA-typing and better supportive care have improved survival generally after HCT, 28, 29 improvements in its administration might differentially improve results using Bu. 27, 30, 31 Unfortunately, no prospective comparisons of oral dose-adjusted or IV Bu to fixed dose oral Bu or to TBI have been performed. Moreover, there have been no large retrospective multi-institutional studies comparing outcomes among groups of patients receiving these preparative regimens following widespread implementation of these improvements in Bu administration. The Center for International Bone Marrow Transplant Research (CIBMTR) thus conducted a large retrospective multiinstitutional study to analyze outcomes in a modern cohort of patients with AML in first CR using Cy in combination with oral Bu, IV Bu, or TBI. We report here the results of this analysis.
Patients and methods

Data sources
The CIBMTR is a working group of more than 500 transplant centers worldwide that voluntarily contribute data on allogeneic and autologous transplants. Detailed demographic, disease, and transplant characteristics and outcome data are collected on a sample of registered patients including all unrelated donor (URD) transplants facilitated by the National Marrow Donor Program in the United States. Observational studies conducted by the CIBMTR are carried out with a waiver of informed consent and in compliance with HIPAA regulations as determined by the Institutional Review Board and the Privacy Officer of the Medical College of Wisconsin.
Patients
The patient population consisted of all patients reported to the CIBMTR who underwent first allogeneic HCT with an HLA-identical sibling or URD from 2000-2006 for AML in first CR who received preparation with Cy/TBI (nonfractionated dose $5.5 Gy, fractionated $9 Gy) or BuCy ($9mg/kg) without additional chemotherapeutic agents. Patients with identical twin or cord blood donors were excluded, as were patients who underwent in vitro T cell depletion or who received posttransplant Cy. Information regarding Bu pharmacokinetics and molecular markers of risk (including FLT3 ITD and NPM1) were not collected during this period of study.
Study end points and definitions
The primary outcome studied was survival. Patients were considered to have an event at time of death from any cause; survivors were censored at last contact. Relapse was defined by hematologic criteria and NRM was considered a competing event. NRM was defined as death without evidence of leukemia recurrence; relapse was considered a competing event. LFS was defined as time to treatment failure (death or relapse). For relapse, NRM and LFS, patients alive in continuous complete remission were censored at last follow-up. Times to neutrophil and platelet recovery were calculated as the time from transplantation to achieving the first of 3 consecutive days with an absolute neutrophil count . 500/mL and platelet count . 20 000/mL, 7 days from the last platelet transfusion. Acute graft-versus-host disease (GVHD) was graded according to consensus criteria based on the pattern of severity of abnormalities in skin, gastrointestinal tract and liver. 32 Chronic GVHD was diagnosed by standard criteria. 33 For engraftment and GVHD, death without the event was considered a competing event. Cytogenetic abnormalities were classified according to the SWOG/ECOG cytogenetic classification system. 34 
Statistical methods
Probability of LFS and overall survival (OS) were calculated using the KaplanMeier method, with the variance estimated by Greenwood's formula. Engraftment, GVHD, NRM, and relapse were estimated using the cumulative incidence method to account for competing risks. Comparisons of survival curves were performed using the log-rank test. Comparisons of NRM curves were performed using Gray's method.
In multivariate analysis, a stepwise selection procedure was performed using the proportional hazards Cox model for OS, LFS, NRM, GVHD, and relapse to adjust for the following variables-patient: age, gender, and Karnofsky score at transplant; disease: interval from diagnosis to transplant, and cytogenetic risk group; and transplant-related: donor-recipient gender and Cytomegalovirus (CMV) status, graft type, graft source and degree of match, year of transplant, GVHD prophylaxis, and planned use of growth factors posttransplant. The proportional hazards assumption was assessed for each variable by testing its time dependency. If the proportional hazards assumption was violated, models were constructed breaking the posttransplant time course into 2 periods, using the maximized partial likelihood method to find the most appropriate breakpoint. Interactions were checked between each selected variable and the main effects. To avoid confounding of results by local clinical practices determined at the center level, a variable representing the transplant center 35 was tested in all the models using the score test. 36 If this variable was found to be an important confounder, the marginal Cox model for dependent data were used. 37 The interaction between main effect categories of preparative regimen and donor type (sibling, unrelated) was tested using a cutoff of 0.01 for significance. Adjusted LFS and survival probabilities were estimated through the direct adjusted survival curves estimation method. 38 SAS software, version 9.2 (SAS Institute, Cary, NC) was used in all analyses.
Results
Demographics and univariate analysis
A total of 1230 patients underwent first HCT from an HLA-matched sibling or URD from January 1, 2000 through December 31, 2006 for AML in first CR following preparation with myeloablative doses of Cy/TBI or BuCy. The median follow up of surviving patients is 5 years.
Characteristics of patients categorized according to preparative regimen are described in Table 1 . 39 Patients who received oral Bu were younger (median age 34 years, 37% .40 years) than patients receiving TBI (median age 37 years, 42% .40 years) who, in turn, were younger than patients who received IV Bu (median age 40 years, 49% . 40 years). More than three-fourths of patients receiving oral Bu underwent transplantation from HLA-identical siblings, while more than half of those receiving IV Bu and TBI had URD.
Approximately 10% of oral Bu and TBI patients received antithymocyte globulin (ATG) or alemtuzumab compared with 20% of IV Bu patients. More than three-fourths of IV Bu patients, compared with roughly half of oral Bu and TBI patients, underwent transplantation from 2004-2006, the last 3 years of study. Cytogenetic classification, donor and recipient gender, and graft type were similar among the groups. The median and interquartile range (IQR) Cy dose was 118.6mg/kg (IQR: 98-120 mg/kg) for patients receiving TBI, 118.8mg/kg (IQR: 104.6-120 mg/kg) among those receiving oral Bu, and 117.1mg/kg (IQR: 100.6-120.4 mg/kg) for those receiving IV Bu. The median and IQR Bu dose was 15.7mg/kg (IQR: 13.8-16 mg/kg) for patients receiving Bu orally and 12.6 mg/kg (IQR: 10.9-12.9 mg/kg) for those receiving it intravenously.
The incidence of NRM at 1 and 5 years was 21% (95% confidence interval [CI]: 17% to 24%) and 31% (95% CI: 27% to 35%) with TBI, 14% (95% CI: 10% to 17%) and 18% (95% CI: 14% to 22%) for oral Bu, and 12% (95% CI: 8-17%) and 18% (95% CI: 13% to 24%) among IV Bu patients (P , .001; Table 2 ; Figure 1 ). The estimated LFS and OS at 5 years were 41% (95% CI: 37% to 46%) and 43% (95% CI: 39% to 47%) for TBI, 54% (95% CI: 49% to 60%) and 61% (95% CI: 56% to 66%) for oral Bu and 57% (95% CI: 50-64%) and 58% (95% CI: 51% to 65%) for IV Bu (P , .001 for each). The 100-day cumulative incidence of hepatic VOD was not significantly different in patients receiving oral or IV Bu compared with TBI (9%; 95% CI: 7% to 12% vs 8%; 95% CI: 5% to 11% vs 6%; 95% CI: 4% to 8%, respectively; P 5 .18). The cumulative incidence of interstitial pneumonia at 100-days was 10% (95% CI: 7% to 12%) in patients receiving TBI, 5% (95% CI: 3% to 8%) in those receiving oral Bu, and 3% (95% CI: 1% to (6) 27 (11) 11-20 66 (11) 65 (16) 35 (15) 21-30 110 (19) 88 (22) 29 (12) 31-40 144 (25) 80 (20) 31 (13) 41-50 159 (27) 97 (24) 65 (28) Older than 50 90 (15) 52 (13) For personal use only. by RAUL RIBEIRO on December 30, 2013. bloodjournal.hematologylibrary.org From 6%) among IV Bu patients (P , .001). Neutrophil recovery at 28 days was similar among the groups (Table 2) , including when the analysis was restricted to patients receiving hematopoietic cells from unrelated donors (92%; 95% CI: 88% to 94%, 93%; 95% CI: 87-97%, 93%; 95% CI: 87% to 97%; P 5 .80, for TBI, oral Bu, and IV Bu respectively). Table 3 ) compared with TBI. The proportional hazards assumption of the main effect in relapse was violated. Thus the Cox model for relapse was constructed breaking the posttransplant time course into 2 periods: less than or equal to 1 year and greater than 1 year. The incidence of relapse within the first year following transplant did not differ among the groups, however, relapse beyond the first year occurred significantly less frequently in those receiving IV, but not oral, Bu compared with TBI (RR 5 0.23; 95% CI: 0.08-0.65; P 5 .006). LFS (RR 5 0.70; 95% CI: 0.55-0.88; P 5 .0028) and OS (RR 5 0.68; 95% CI: 0.52-0.88; P 5 .0034) were significantly higher in patients receiving IV Bu compared with TBI ( Figure 2) . OS was not significantly better in patients receiving IV Bu compared with oral Bu nor for those receiving oral Bu compared with TBI.
In order to determine whether administration of higher radiation doses might contribute to the inferior outcomes with TBI, radiation dose was categorized as standard (#12.5 Gy) or high-dose (.12.5 Gy) in a separate multivariate analysis (Table 4) . High dose TBI was associated with significantly higher rates of NRM than standard dose TBI (RR 5 1.46; 95% CI: 1.03-2.07; P 5 .032), but LFS and OS were not significantly different. IV, but not oral Bu, was associated with significantly less NRM than standard dose TBI (RR 5 0.67; 95% CI: 0.46-0.97; P 5 .0032). Relapse beyond 1 year after transplantation occurred significantly less frequently following IV, but not oral, Bu compared with standard (RR 5 0.25; 95% CI:0.09-0.73; P 5 .011) or high dose TBI (RR 5 0.21; 95% CI: 0.07-0.61; P 5 .0045). LFS (RR 5 0.74; 95% CI: 0.58-0.95; P 5 .016) and overall survival (RR 5 0.72; 95% CI: 0.55-0.92; P 5 .0097) were significantly better for IV, but not oral, Bu than for standard dose TBI. No interactions between the main effect and the covariates in the final model, including donor type (P 5 .04 for survival and P 5 .11 for LFS) and age (P 5 .43 for survival and P 5 .22 for LFS) were significant.
Discussion
Historically, Cy/TBI has been the standard myeloablative preparative regimen for HCT. Despite extensive analysis, there had been no previous evidence that BuCy might yield better LFS or OS than Cy/TBI in patients with AML, and some suggestion that it leads to worse outcomes. 8, 9, [14] [15] [16] [17] It is not clear from some reports, however, that oral Bu was optimally administered: every 6 hours (as opposed to shorter and/or varied time periods between doses) and with an extended interval between the last Bu dose and the first Cy dose, 40 as was recognized by the investigators of 1 such study.
14 It is also unclear whether guidelines for adjustment of Bu dose in overweight patients and for administration of other drugs, which might affect Bu metabolism, 28,31 were consistently followed. In addition, many of the patients receiving Bu in these studies did so early in the learning curves of participating institutions. Most importantly though, all of these published prospective studies were performed using orally administered, fixed dose Bu, following which, extensive inter-patient variation in absorption and metabolism can lead to 3-fold differences in Bu exposure. [18] [19] [20] [21] 28, 31, 40, 41 By decreasing variability in plasma levels, the use of IV and/or dose-adjusted Bu appears to improve results, although the clinical impact of these approaches has not been adequately measured.
In the present study, multivariate analysis revealed significantly better outcomes with IV Bu than with TBI. NRM and relapse beyond 1 year occurred significantly less frequently and LFS and survival were significantly better following IV, but not oral, Bu compared with TBI. In order to determine whether greater toxicity with more intensive TBI regimens might have contributed to these outcomes, the TBI group was divided into those receiving standard or high dose TBI. IV Bu maintained its association with lower incidences of NRM and relapse beyond 1 year and better LFS and OS compared with standard dose TBI. Interaction tests to analyze outcomes based on age and whether the donor was an HLA-identical sibling or matched URD were not statistically significant, indicating that the difference in outcomes among the preparative regimens does not depend on patient age or donor type. Further, hematopoietic recovery among patients with unrelated donors was similar among the groups, supporting the effectiveness of Bu in matched unrelated, as well as related donor transplantation.
A recent prospective observational cohort study of patients with AML, myelodysplastic syndrome, or chronic myeloid leukemia in various stages of disease undergoing matched related or unrelated donor transplants after myeloablative conditioning demonstrated better 2 -year survival following IV Bu (in combination with Cy or fludarabine) compared with TBI (in combination with Cy or etoposide). 42 Although the patient population and preparative regimens were much more heterogeneous and follow up was comparatively brief compared with our study, the improved overall survival reinforces the results reported here.
While the substantial difference in NRM between IV Bu and TBI is the primary factor in improved LFS and OS, the data indicating a decreased incidence of relapse beyond 1 year are intriguing. Bu is effective in noncycling cells 43 including primitive hematopoietic progenitors. 44 Evidence from animal models, 45 including a nonhuman primate model of human transplantation, 46 indicates that Bu is a potent stem cell toxin. In the primate transplant model, quiescent primitive hematopoietic cells which survive Bu treatment require many months to contribute to hematopoiesis. 47 Relapse beyond a year after transplantation may result from the recovery of injured quiescent primitive leukemic cells. By reducing the variability in drug exposure, IV administration may more effectively eradicate these primitive, quiescent, drug-resistant leukemic precursors.
Since information regarding pharmacokinetic (PK) data were not collected, it is unclear to what extent dose-adjustment of oral or IV Bu contributed to the reported outcomes. In 2008, more than 60% of patients reported to the CIBMTR who received oral Bu and 50% of those receiving IV Bu had PK data (X.Z., CIBMTR, personal communication), suggesting that many patients in the present study likely had PK data and dose adjustment. We are unable to assess their impact. This study did not address the issue of whether PK levels with dose adjustment should be performed with IV Bu, but this approach could further improve results. 28, 41 It appears likely that improvements in Bu administration, including IV administration and dose adjustment, are responsible for differentially improved results with Bu which surpassed those achieved with TBI.
The considerable technical requirements of TBI and its lack of universal availability have contributed to making Bu an attractive alternative, including in developing countries. Oral Bu is considerably cheaper than the IV formulation and it is possible that PK monitoring and dose adjustment of orally administered Bu might yield similarly favorable results and be more cost effective than IV Bu, but this was not addressed in the present study.
It is important to recognize the limitations of this study. First, the study is retrospective and it is not known why individual patients were designated to receive specific preparative regimens. Second, patient characteristics vary among the groups for multiple factors including age, proportion of URD and the year in which transplantation was performed. Multivariate analyses were performed to correct for these differences. Variation in dose of TBI, Bu and Cy, and the use of ATG or alemtuzumab may also have influenced results.
Despite these limitations, the results reported here are important. The rates of NRM with Bu in this study are remarkably low, particularly for a registry study with so many participating institutions. Just as 12 Gy was chosen in preference to higher dose TBI based on lower NRM in the face of similar long-term survival, it would be logical to choose Bu over TBI because of its lower NRM, even if survival were similar. Survival and LFS, however, also clearly favor the use of Bu, as do ease of administration and previous evidence of a lower incidence of some delayed complications, including cataracts, 15, 48 impaired growth 48 and some second malignancies 49 compared with TBI. In the absence of a prospective randomized comparison of Cy/ TBI and BuCy using contemporary administration, dosing, and supportive care, we suggest that IV Bu should be used in preference to TBI in patients with AML in first CR undergoing HCT from matched related or matched unrelated donors.
